High-entropy alloys constitute a new class of materials whose very existence poses fundamental questions regarding the physical principles underlying their unusual phase stability. Originally thought to be stabilized by the large entropy of mixing associated with their large number of components (five or more), these alloys have attracted attention for their potential applications. Yet, no model capable of robustly predicting which combinations of elements will form a single phase currently exists. Here, we propose a model that, through the use of high-throughput computation of the enthalpies of formation of binary compounds, predicts specific combinations of elements most likely to form single-phase, highentropy alloys. The model correctly identifies all known single-phase alloys while rejecting similar elemental combinations that are known to form an alloy comprising multiple phases. In addition, we predict numerous potential single-phase alloy compositions and provide three tables with the ten most likely five-, six-, and seven-component single-phase alloys to guide experimental searches. The term high-entropy alloy (HEA) has come to signify nontraditional alloy systems composed of five or more elements at, or near, equiatomic ratio that form random, single-phase solid solutions on simple underlying facecentered-cubic (fcc) and body-centered-cubic (bcc) lattices [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . HEAs stand in sharp contrast to traditional metal alloys that are typically based on one or two primary elements and where addition of further alloying elements often leads to the formation of new phases. Clearly, the existence of HEAs poses important questions regarding the driving mechanism for their unexpected stability and how to identify the specific combinations of elements that are most likely to form a single-phase HEA.
The term high-entropy alloy (HEA) has come to signify nontraditional alloy systems composed of five or more elements at, or near, equiatomic ratio that form random, single-phase solid solutions on simple underlying facecentered-cubic (fcc) and body-centered-cubic (bcc) lattices [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . HEAs stand in sharp contrast to traditional metal alloys that are typically based on one or two primary elements and where addition of further alloying elements often leads to the formation of new phases. Clearly, the existence of HEAs poses important questions regarding the driving mechanism for their unexpected stability and how to identify the specific combinations of elements that are most likely to form a single-phase HEA.
Although there are several proposals regarding the stability of HEAs, much of the existing work uses semiempirical approaches based, for example, on HumeRothery rules, thus focusing on the differences of the atomic sizes (δ), electronegativities (Δχ), and electron-toatom ratio (e=a) [12] [13] [14] [15] [16] [17] . Some approaches utilize calculation of phase diagrams methods [18] , while others consider δ, the enthalpy of mixing (ΔH mix ), and the ideal entropy of mixing of the alloys to develop criteria for the phase stability [1, 12] . For example, in the work of Guo et al. [14] , the use of δ and ΔH mix as independent variables clearly separates solid-solution phases from amorphous phases but does not necessarily isolate intermetallic compounds from either one of these phases. In addition, in the work of Otto et al. [11] , there are atomic substitutions to the solid-solution CrMnFeCoNi alloy that are specifically chosen to follow the Hume-Rothery rules in respect of δ, Δχ, and crystal structure yet do not form a single-phase solid solution. Useful as many of these attempts to encapsulate features of the underlying bonding mechanisms have been, it is clear that a model that can robustly predict, out of all of the elements in the periodic table, which combinations of elements can form an HEA, and which cannot, has yet to emerge. As the number of possible combinations of elements increases factorially with the number of components, easily exceeding 10 5 even for fivecomponent systems and restricting the search to the simple and transition metals, it is clear that an unguided search for new HEAs is unfeasible. Given that a number of HEAs also possess unusual combinations of strength, ductility, thermal stability, corrosion, and wear resistance [19] [20] [21] [22] [23] [24] [25] that make them candidates for technological applications, developing a predictive model assumes even greater significance.
Here, we propose a simple criterion, based on enthalpy considerations, to predict which elemental combinations are most likely to form a single-phase HEA. Enthalpies are evaluated via first-principles "high-throughput" densityfunctional-theory (DFT) calculations [26] [27] [28] [29] [30] of the energies of formation of binary compounds and therefore require no experimental or empirically derived input. The model correctly accounts for the specific combinations of metallic elements that are known to form single-phase HEAs, while rejecting similar combinations that have been tried and shown not to be single phase.
Within our method, a set of elements will form a singlephase alloy if the enthalpy of formation of all the possible binary compounds formed by combinations of these elements falls within a specified range. This range is such that the compounds are neither too stable, leading to precipitation of that phase, nor too unstable, indicating immiscibility of the constituent elements. Remarkably, considering only the formation of binary compounds is sufficient to accurately predict the formation of singlephase alloys and correctly identifies closely related compositions that form multiple phases. In order to assess the formation of single-phase alloys, we construct a 30 × 30 enthalpy matrix (see the Supplemental Material [31] ) containing the lowest enthalpies of formation of all binary combinations of the elements: Mg; Al; all the 3d, 4d, and 5d transition metals, except Tc and Lu, with only La included from the lanthanides. An 18 × 18 subset is shown in Fig. 1 .
In order to compare the stability of competing compounds, we should ideally compare their Gibbs free energies. However, multicomponent solid-solution alloys typically present rather small (and similar) enthalpies of formation, while ordered compounds typically have very small entropic terms. To compare the stability of the competing phases, we utilize, as a first approximation, only the contributions (−TΔS mix ) from mixing entropy (ΔS mix ) for solid-solution alloys and only the enthalpy of formation (ΔH f ) for the ordered compounds. Even with these simplifying approximations, finding the enthalpies of formation of all possible (binary, ternary, quaternary, etc.) ordered intermetallics that can result from a given alloy's component species, and hence their extremal envelope as a function of composition (the convex hull), remains a very formidable task when the number of alloying species is large. However, if we consider only pairwise combinations, we can take advantage of the fact that the convex hulls of a large number of binary alloy systems have already been obtained via high-throughput DFT calculations [28] [29] [30] . That it is sufficient to consider only the binary phases is, no doubt, due in part to the slow diffusion rate of the alloying species at typical annealing temperatures, which makes the formation of more complex compounds, such as ternaries and quaternaries, much less likely.
The values in the enthalpy matrices are obtained mainly from "data mining" of the binary alloy library of Curtarolo et al. and the alloy database of Widom and co-workers [28, 32] . We independently recalculate many ΔH f for these binaries and obtain good agreement with the databases. We also calculate ΔH f for two σ phases (MnCr and MnMo). and μ phases (MnCr, MnMo, FeNb, FeMo, FeTa, and FeW) from Chen et al. and Ansara et al., respectively [33] . All the calculations are properly spin polarized, a necessary condition for the accurate treatment of the energetics of elemental metals and intermetallic compounds involving the midperiod 3d transition elements Cr, Mn, Fe, Co, and Ni. Entries in Fig. 1 represent the ΔH f of the lowest energy structure of each binary compound relative to phase separation into pure elements. Here, it is important to note that each entry involves the results of DFT calculations for hundreds of compounds, considering different compositions, lattices, and elemental decorations within each lattice type; thus, the full enthalpy matrix represents the distillation of many tens of thousands of such calculations. In addition, all calculations are based on essentially identical computational methodologies; in particular, the same exchange-correlation functional (generalized gradient approximation-Perdew, Burke and Ernzerhof) is used in all of the DFT calculations, thereby minimizing the relative errors among the ΔH f values of Fig. 1 [34] . In addition, this exchange-correlation functional is known to give a superior description of the equilibrium volumes and energetics of metals and alloys to that of the local density approximation (LDA), especially for the magnetic elements where LDA even gives the wrong ground-state structure of Fe [35] .
The values of ΔH f that determine the optimal range for the formation of single-phase HEAs are rationalized as follows. The minimum value of the range is set by the ideal entropy of mixing as −T ann ΔS mix , where T ann is the annealing temperature used in the experimental setting. For instance, for the alloys of Otto et al. [11] , the annealing temperature used (T ann ¼ 1000 K) corresponds to an enthalpy of −138.7 meV=atom. For the case of the bcc alloys made by Senkov et al. [36] , T ann ¼ 1673 K, which corresponds to a ΔH f ¼ −232 meV=atom. Clearly, the former is consistent with CrMnFeCoNi forming a single phase in that the lowest energy of formation of any binary chosen from Cr, Mn, Fe, Co, and Ni taken from the enthalpy matrix of Fig. 1 is −115 meV=atom. The upper limit corresponds to the largest value of ΔH f for which the alloy does not phase separate due to the immiscibility of any pair of elements. The upper limit of the enthalpy range (37 meV) is chosen to include all known singe-phase alloys and it is consistent with the thermodynamic model presented by Poletti and Battezzati [16] . It is worth noting that T ann could be replaced by some critical temperature (T crit ), below which diffusion is sufficiently slow that the enthalpic driving force is insufficient to result in phase decomposition on a realizable time scale. While different choices of the limits of allowable ΔH f lead to different allowed combinations of elements that will form a HEA, it should be compatible with whatever annealing temperature would be required to homogenize the particular alloy. For example, the temperature may be some fraction of the average melting temperature of the constituent metals (for example,
It turns out such a criterion is already quite consistent with the annealing temperature used experimentally. For example, the T ann used by Otto et al. (1000 K) for CrMnFeCoNi [11] corresponds to a T crit ¼ 0.55T M , while the same T ann for CrPdFeCoNi [10] corresponds to T crit ¼ 0.54T M . For the bcc alloys VNbMoTaW and NbMoTaW, T ann ¼ 1673 K, which corresponds to a T crit of 0.56T M and 0.53T M , respectively.
Using our matrix, we can now rapidly examine all possible single-phase alloys that result from a specified number of components by comparing the extremal values of the enthalpies of the binaries to −T ann ΔS mix . Using the enthalpy limits specified above, our approach predicts all presently known single-phase HEAs. In addition, this approach provides predictions of the most probable five-, six-, and seven-component alloys, thereby providing guidance to the search for new alloys. A list of these systems is given in the Supplemental Material. In addition, the model can be used to determine the best elemental choice to add to an existing alloy; e.g., for CrMnFeCoNi, the best choice is Os.
Beyond these predictions, our model offers the flexibility of adding (or customizing) different criteria to search for new alloys. For example, one can add a desired range for the density of the alloy, sort them by price per kg, or even modify the range of acceptable enthalpies. For example, choosing the lower limit to be some specific fraction of T M (say, T crit ¼ 0.55T M ) as suggested above would not significantly change our predictions.
As an example of how the above approach works, Table I one based on additions to the face-centered-cubic FeCoNi system, one based on the body-centered-cubic NbMoTa system. The matrices indicate which one-component (diagonal entries) and two-component (upper off-diagonal entries) additions to the base alloy are likely to form singlephase solid solutions, and which are not. Where possible, experimental checks have been given. As an example, adding either Mn or Pd to CrFeCoNi is predicted to yield single phases, consistent with experiment. However, adding both Mn and Pd is predicted to form multiple phases, due to the strong Mn-Pd interaction (Fig. 1) . Similarly, while Mn and Cr may be added, Mn and V may not, agreeing with experiment. Table II contains the number of possible single-phase alloys for five-, six-, and seven-component alloys for two enthalpy ranges. The minimum values of these ranges reflect annealing temperatures of 1000 and 1673 K. The number of possible combinations of elements is very large, rising to 2.629 × 10 6 for seven-component alloys. Despite this great number, our model predicts that no sevencomponent single-phase alloys would form if we consider a range of −138 meV=atom < ΔH f < 37 meV=atom, and only 17 alloys would form if we extend the range to −232 meV=atom < ΔH f < 37 meV=atom. Table II provides a list of possible additions to existing alloys and indicates the ones that have been verified experimentally.
In comparing our model with experiment, we also examine the ΔH f of the lowest ordered binary intermetallic compounds containing the elements Ti, V, Cr, Mn, Fe, Co, Cu, and Mo (Fig. 2) . These data span all of the systems (CrMnFeCoNi, CrMnFeTiNi, MoMnFeCoNi, VMnFeCoNi, CrMnVCoNi, and CrMnFeCoCu) included in the work of Otto et al. [11] , an experimental study designed to demonstrate that configurational entropy alone is insufficient to stabilize HEAs. While CrMnFeCoNi is found to form a single phase, substitution of one of the component elements by Ti, Mo, V, or Cu (consistent with the Hume-Rothery rules) results in the precipitation of intermetallic phases despite the fact that the entropy of mixing should be unchanged by any of the substitutions. As can be seen from Fig. 2 , the binaries comprised of Cr, Mn, Fe, Co, and Ni all have relatively small values of ΔH f consistent with it being a single-phase system. On the other hand, binaries containing V, Ti, or Mo display strongly negative ΔH f , favoring ordered intermetallic formation, again consistent with the multiphase phase behavior found by Otto et al. The binaries containing Cu present the opposite trend; their ΔH f are positive and much larger than typical (Fig. 2) . In the case of CrMnFeCoCu, the instability of this HEA is driven by the immiscibility of Cu with the other metallic species.
We now consider the HEAs NbMoTaW and VNbMoTaW first made by Senkov et al. [36] ]. These refractory alloys have high melting points, thus widening the range of allowable enthalpies of formation. Examining ΔH f of the possible binaries for these alloys (Fig. 1) , the lowest value corresponds to MoTa at −193 meV=atom. This value corresponds to a minimum annealing temperature of 1391 K, which is indeed lower than the annealing temperature of 1673 K used in Ref. [36] .
Finally, our results are also consistent with Wang et al. [2] where it was found that AlCrFeCoNiCu alloys contain an intermetallic NiAl phase, despite earlier characterization as an ideal HEA. Consideration of our enthalpy matrix reveals that the ΔH f of the NiAl binary is −677 meV=atom, which would require an annealing at 4881 K to form the HEA. Thus, in accordance with our method, AlCrFeCoNiCu should form multiple phases with Ni and Al, providing the basis of the intermetallic phase, as found experimentally.
An alternative to our model is that the HEA formers are themselves unusually stable energetically. To test this hypothesis, we perform DFT calculations [37, 38] of the ΔH f for supercell models of the disordered phase. We consider two well-studied alloys that form a single phase CrFeCoNi and CrMnFeCoNi, and one that forms a second phase CrMnFeTiNi [11] . The computed ΔH f values are 72.9, 91.1, and 87.8 meV=atom, respectively. From these results, it is clear that there are no substantive differences in   FIG. 2 . Graphical representation of the enthalpies of formation of the binary compounds that could form from the alloys studied in Ref. [11] . the ΔH f values between the three systems that could account for their differing stabilities. It is even the case that ΔH f for CrMnFeTiNi, which precipitates a second phase, is less than that of CrMnFeCoNi, which does not. These results demonstrate that consideration of the enthalpy of formation of the HEA itself is not a predictor of single-phase compositions. It is worth noting that within our method, we utilize the enthalpies of formation relative to the phase separation into the pure elements. An arguably better approach would be to reference the ΔH f of the binary compounds relative to that of the corresponding binary solid solution. For most binaries, changing the reference will make little difference, as the enthalpies of formation of solid solutions are typically small. But, there are a few exceptions in which the solid solution is itself very stable. Clear examples are binaries between Re and some early 3d, 4d, and 5d elements. For instance, our calculated ΔH f of ReTa and ReV bcc solid solutions are −177 and −211 meV=atom, respectively. These unusually stable binary solid solutions make the ordered phases predicted by DFT calculations much less stable. If we did not include the Re solid solutions in our calculations, we would not be able to predict the formation of some Re-containing alloys. Notably, these extremely stable intermetallics are also absent from the experimental binary phase diagram [39, 40] .
Our results clearly contradict the entropy alone hypothesis that increasing the number of components will necessarily yield a more stable alloy. While the entropy of mixing does increase and could therefore widen the range mentioned in the previous paragraphs, increasing the number of components also increases the probability of finding a very stable ordered (often binary) intermetallic, thus decreasing the number of possible single-phase solid solutions.
In summary, we investigated the stability of multicomponent alloys and presented a method to determine the formation of single-phase HEA alloys. The method is simple and easy to use, and has so far shown excellent agreement with reported experimental results. While we have concentrated on delineating the combinations of elements that can yield ideal solid-solution alloys, our enthalpy matrix can also be used to search for specific elemental additions to single-phase alloys in order to precipitate a particular second phase that can then be manipulated to produce a desired microstructure with, for example, improved yield strength. Indeed, there are already examples of attempts to do exactly this based on the addition of Al to 3d transition-metal-based alloys such as CrFeCoNi. A clean example of second phase precipitation is shown in the work of Manzoni et al. [41] who do indeed find that the addition of Al to CrFeCoNi results in phase separation into a Ni-Al-rich matrix phase and Cr-Fe-rich precipitates. As noted earlier, this finding is completely in line with our enthalpy matrix and the observation that the NiAl-based intermetallic phase is the most stable binary compound between Al and any of the alloy's base elements.
